Abstract Cholangiocytes, bile duct lining cells, actively adjust
Introduction
Bile acids are synthesized in the liver from cholesterol and are secreted as an active ingredient of bile from the liver into the intestinal lumen to facilitate the absorption of hydrophobic lipid nutrients. Bile flows into gallbladder for storage and concentration by passing through bile ducts. Cholangiocytes are the epithelial cells lining the bile ducts [4] . We and others have found that cholangiocytes are reabsorptive/secretory epithelial cells that participate in a number of biological processes with pathophysiological consequences such as the modification of bile, secretory response to hepatotoxic substances, and cell proliferation [27] . For example, cholangiocytes (1) secrete several growth factors and pro-inflammatory molecules [27] ; (2) mediate absorption of water, ions, and electrolytes [26] ; (3) interact with immune cells for localized immune responses [7] ; and (4) regulate cholesterol content in bile [32] . The importance of cholangiocytes becomes apparent in diseases caused by malfunction of cholangiocytes collectively called "cholangiopathies," indicating that cholangiocytes are the primary cells for these pathological disorders [25, 27] . For example, obstruction of bile flow in the body (i.e., cholestasis) is often caused by gallstones formed in bile ducts as a result of increased cholesterol content in bile and increased hydrophobicity of bile acids [11] . It is not clear whether, and if so how, cholangiocytes regulate the content of hydrophobic bile acids in bile. Understanding the molecular mechanisms and transcription factors that regulate lipid and bile acid metabolism in cholangiocytes may provide therapeutic clues for the treatment of cholangiopathies.
Bile acids are potent ligands for the farnesoid X receptor (FXR, NR1H4), a nuclear receptor encoded by the NR1H4, which is highly expressed in the liver and intestine where bile acids are synthesized and recovered, respectively. Low FXR expression, polymorphisms in NR1H4, and FXR knockout all have been linked to gallstone disease in mouse models [18, 31] . Bile acids act through FXR to inhibit their own synthesis via distinct and redundant feedback loops. First, FXR induces the expression of small heterodimer partner (SHP, NR0B2) in hepatocytes [18, 30, 31] . SHP inhibits transactivation of liver receptor homolog-1 (LRH-1, NR5A2) through which to repress the expression of cytochrome p450 (Cyp) cholesterol 7α-hydroxylase 1 (Cyp7a1). Cyp7a1, in turn, catalyzes the rate-limiting step in cholesterol to bile acid conversion in hepatocytes [9] . FXR also induces the expression of human fibroblast growth factor (FGF) 19, and its mouse ortholog, FGF15, was identified as metabolic hormones in enterocytes and hepatocytes [23, 24] . FGF15/19 binds to fibroblast growth factor receptor 4 (FGFR4) which activates c-Jun Nterminal Kinase (JNK) and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase 1/2 (ERK1/2) pathways resulting in repression of Cyp7a1 in hepatocytes [12, 13, 24] .
Hydrophobic bile acids also inhibit the expression of the sterol 27-hydroxylase (Cyp27) in hepatocytes. Cyp27 encodes the rate-limiting enzyme for the alternative or acidic pathway of bile acid biosynthesis in hepatocytes [5, 8] . The acidic pathway is the predominant pathway of cholesterol to bile acid conversion in extrahepatic tissues [2] . However, underlying mechanisms of Cyp27 expression have not been clearly defined [21, 28, 29] . The nuclear receptor hepatocyte nuclear factor 4α (HNF4α, NR2A1) is known to be a master regulator of Cyp27 expression [5, 8] and is also required for optimal Cyp7a1 expression in hepatocytes [1, 14] . Bile acids negatively regulate HNF4α activity in rat liver and hepatoma cell lines via induction of SHP, which binds to HNF4α, or a SHP-independent mechanism wherein mRNA and protein levels of HNF4α are repressed [19, 34, 36] .
In this study, we investigated the underlying mechanisms of Cyp27 expression in cholangiocytes. The bile acidmediated repression of Cyp27 involved FXR-mediated induction of FGF15/19. FGF15/19 then acted in an autocrine fashion to activate its cognate receptor FGFR4, resulting in the repression of Cyp27. Unlike hepatocytes, in which FGF15/19 activities resulted in the inhibition of Cyp7a1 expression through JNK and MAPK, the inhibitory effect of FGF15/19 upon Cyp27 expression in cholangiocytes was mediated by p38 kinase. In addition to this, we found that the expression level of HNF4α, a master regulator of Cyp27 expression, was downregulated in cholangiocytes treated with bile acid. Our results indicate the presence of a novel regulatory mechanism through p38 kinase and HNF4α for the repression of bile acid biosynthesis in cholangiocytes. These results support the active participation by cholangiocytes in bile homeostasis and suggest a promising target mechanism for the development of drugs to cure diseases caused by the disruption of bile homeostasis.
Methods

Cells and reagents
Cholangiocytes and hepatocytes were isolated from rat liver and normal rat cholangiocytes (NRCs) were isolated and cultured as described [32] . Immortalized normal human cholangiocyte line (H69) was a gift from Dr. Greg Gores. The hepatoma cell line (HepG2) was obtained from ATCC.
Chenodeoxycholic acid (CDCA), T0901317, GW501516, GW4064, the ERK inhibitor PD98059, water-soluble cholesterol, 27-hydrocholesterol, β-actin monoclonal antibodies, and other chemicals were obtained from Sigma. All cell culture reagents, the p38 kinase inhibitor, SB203580, and the JNK inhibitor, SP600125, were obtained from Invitrogen. Anti-p38 kinase antibody was obtained from Cell Signaling. Anti-CYP27 antibody was obtained from LSBio. The recombinant Human FGF19 Kit and Human FGF19 ELISA Kit were purchased from R&D Systems.
In vitro and in vivo models
For polarized culture, normal rat intrahepatic cholangiocytes and human cholangiocytes (H69) were used. These cells were maintained as previously described [32] . FXR [22] and FGFR4 [35] knockout mice were fed a standard rodent chow or a chow supplemented with 1 % (w/w) CDCA for 5 days. Bile ducts were then isolated from mouse livers using a laser microdissection system (Applied Biosystems). Mice were maintained under 12:12-hours light/night cycles and were fed ad libitum. Our animal protocols were approved by the Institutional Animal Care and Use Committee at University of Utah and Institute of Biosciences and Technology at Texas A&M Health Science Center.
RNA analysis
Total RNA was extracted by TRIzol reagent (Invitrogen) according to the manufacturer's instructions. For Northern blot analysis, 10 μg of RNA was denatured, electrophoresed, transferred to Zeta-Probe® Membrane (Bio-Rad), and probed with different cDNA probes. All the cDNA probes used in this study were prepared with reverse transcriptase using primers complementary to their target mRNA and were confirmed by sequencing. For real-time quantitative PCR (Q-PCR) analysis, 200 ng of purified total RNA was used to amplify the specific genes using a thermocycler.
Immunohistochemistry
For immunohistochemistry (IHC) analysis, paraffinembedded rat liver sections (4 μm) were dewaxed, and antigens were retrieved. After blocking, slides were incubated with primary antibodies. EnVision Kit (Dako) was used for avidin-biotin complex method to visualize the signals [32] .
Cholangiocytes culture on transwell inserts
NRCs, cultured confluently on a transwell insert (Corning), were used to measure cholesterol efflux. The radiolabeled cholesterol that is excreted from cholangiocytes was measured as described in our previous report [32] . Briefly, the NRCs were labeled with 0.5 μCi/mL [ 3 H]-cholesterol (Amersham) and 50 μg/mL cholesterol for 24 h in a serum-free medium containing 0.2 % bovine serum albumin. After washing the cells with phosphate-buffered saline, the cholesterol-loaded NRCs were treated with ligands as indicated. Excreted radiolabeled cholesterol was captured with Apo-AI through both the apical and basolateral regions. Similarly, the paracrine and autocrine effects of FGF19 were determined by culturing human H69 cells on a transwell insert. H69 cells were treated with DMSO or 100 μM CDCA for 2 hours and then washed with the culture medium and transferred onto a well that contained cultured HepG2 cells on the bottom. After 24 hours of coculture, HepG2 cells were collected to analyze Cyp7a1 expression as described in the RNA analysis.
Western blot analysis
Cholangiocytes and hepatocytes were isolated from the rat liver. H69 cells were treated with 50 ng/mL FGF19 or 100 μM CDCA for 24 hours in the absence/presence of coincubation with the 50 μM of p38 kinase inhibitor, SB203580. Extracts were prepared from the hepatocytes and cholangiocytes and then separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). The separated proteins were transferred onto polyvinylidene difluouride membrane (Bio-Rad) and probed with antibodies.
Quantitative sandwich enzyme-linked immunosorbent assay Excreted FGF19 in the medium used for human H69 cells, which were treated with 100 μM CDCA or DMSO for 24 hours, was quantitatively measured using the Sandwich ELISA Kit (R&D Systems) following the manufacturer's instructions. All the medium samples were assayed in duplicate.
Results
Expression of genes related to bile acid homeostasis in cholangiocytes
We first determined the expression levels of Cyp enzymes and nuclear receptors involved in bile acid homeostasis in cholangiocytes and hepatocytes. Among the Cyp enzymes that we analyzed, all were expressed by hepatocytes, but only Cyp27 was detected in cholangiocytes (Fig. 1a) . Expression of Cyp27 in cholangiocytes was confirmed by detecting mRNA (Fig. 1a) , protein (Fig. 1b) , and protein expressed in liver tissue (Fig. 1c) . FXR, SHP, and HNF4α, three nuclear receptors that play important roles in the regulation of cholesterol to bile acid conversion in hepatocytes, were also expressed in cholangiocytes, albeit at lower levels than those in hepatocytes ( Fig. 1d-f ).
Next, we tested whether 27-hydrocholesterol (27-HC), the enzymatic product of Cyp27, would also induce basolateral cholesterol efflux as a ligand to liver X receptor (LXR) since we reported previously that basolateral efflux of cholesterol from cholangiocytes was stimulated by coadministration of synthetic ligands that activate LXR or peroxisome proliferator-activated receptor delta (PPARδ) [32] . NRCs were cultured on a transwell insert and incubated with [ 3 H]-labeled cholesterol for 24 h. Release of radiolabeled cholesterol was then determined after capture with delipidated Apo-AI. Similar to the combinatorial effect of a synthetic LXR ligand (T0901317) and a synthetic PPARδ ligand (GW501516), incubation of cholangiocytes with 27-HC and GW501516 induced basolateral cholesterol efflux (Fig. 1g) . There was little effect on apical cholesterol efflux (Fig. 1h) . Thus, cholangiocytes express Cyp27, and the enzymatic product of Cyp27 stimulates basolateral cholesterol efflux in cholangiocytes through LXR.
Bile acid-induced secretion of FGF15/19 in cholangiocytes
We next examined the expression of FGF15/19 in cholangiocytes. FGF19 and FGFR4 have been reported to be expressed in human gallbladder and bile duct epithelial cells [33, 37] . FGF15 mRNA was expressed at higher levels in cholangiocytes compared to hepatocytes (Fig. 2a) ; there were also FGFR4 mRNA in cholangiocytes, albeit at lower levels than those in the hepatocytes (Fig. 2b) . Since FXR regulates FGF15/19 expression in the liver and intestine [6, 12, 22] , we investigated whether similar regulation occurred in cholangiocytes. Treatment of rat cholangiocytes with the bile acid CDCA or the synthetic FXR ligand GW4064 increased FGF15 expression. Neither an LXR ligand (T0901317) nor a PPARγ ligand (rosiglitazone) yielded similar effects (Fig. 2c) . Bile acids also induced an increase of secreted FGF19 in the medium of cultured human cholangiocytes (Fig. 2d) . Thus, FXR was able to activate expression of FGF15/19 in cholangiocytes similar to that in enterocytes. Fig. 1 Expression of genes related to bile acid homeostasis in cholangiocytes. Gene expression was analyzed using mRNA or total RNA purified from freshly isolated hepatocytes (Hep), large cholangiocyte (LC), and small cholangiocyte (SC) in rat. a Northern blot detected Cyp27 expression in cholangiocytes, whereas the other Cyp genes that are involved in bile acid synthesis could not be detected under the current experimental conditions. b Western blot detected CYP27 expression in hepatocytes and cholangiocytes from rats. c IHC detected CYP27 expression in the liver of rats. Strong cytoplasmic expression was shown in the hepatocytes and bile duct epithelia cells (star). d-f Quantitative PCR was used to quantify the expression of the nuclear receptors regulating bile acid homeostasis: FXR (d), SHP (e), and HNF4α (f). A LXR ligand 27-hydroxycholesterol (27-HC), the product of Cyp27, activated cholesterol efflux in cholangiocytes through the basolateral (g), but not the apical region (h) in NRCs. GW501516, a synthetic PPARδ ligand, enhanced the effect of 27-HC in the induction of efflux of cholesterol through the basolateral compartment (e). Error bars = S.D. (N =3). *P <0.01, statistical significance using Student's t test
Repression of Cyp27 and Cyp7a1 by bile acids and FGF15/19
Since bile acids inhibit expression of Cyp27 and its master transcription factor HNF4α in hepatocytes, we determined whether similar effects would be observed in cholangiocytes. NRC treated with CDCA for 24 hours exhibited a marked decrease in Cyp27 and HNF4α expression (Fig. 3a, b) . By contrast, ligands for LXR (T0901317) or PPARγ (rosiglitazone) had little effect. Recombinant FGF19 also elicited dose-dependent decreases in Cyp27 expression in the human cholangiocyte line, H69, implying that bile aciddependent increases in FGF15/19 may be involved in this effect (Fig. 3c) .
CDCA-induced secretion of FGF19 in the medium of cultured human cholangiocytes (Fig. 2d ) led us to question whether bile acid-dependent increases in FGF15/19 secretion could elicit paracrine effects upon neighboring cells. To investigate this question, we used a transwell culture system to coculture a human cholangiocyte cell line (H69) and a hepatocyte cell line (HepG2). H69 cells cultured to confluence upon a transwell insert were treated with ± CDCA for 2 hours, washed three times with plain medium for 15 minutes each for complete removal of residual CDCA, and then transferred into a culture well that contained HepG2 cells grown on the bottom. Pretreatment of H69 cells with CDCA led to a significant inhibition of Cyp7a1 expression in the HepG2 cells in this system (P <0.05) (Fig. 3d) . Thus, bile acids act on cholangiocytes to induce a secreted factor that represses the expression of Cyp7a1 in hepatocytes.
Next, we examined whether CDCA-induced Cyp27 repression can be observed in mouse cholangiocytes in vivo. Knockout models were used to determine whether this effect required FXR and FGFR4. The mice were fed on normal or 1 % CDCA-containing diet for 5 days, and bile ducts were isolated from livers using laser capture microdissection. Cyp27 mRNA expression was significantly inhibited in wild-type mice fed CDCA (Fig. 4a, b) , but similar effects were not seen in FXR −/− (Fig. 4a) or FGFR4 −/− mice (Fig. 4b) . Thus, bile acids repress Cyp27 expression in cholangiocytes in vivo, and this effect requires FXR and the FGF15 receptor.
CDCA-dependent Cyp27 repression in cholangiocytes requires p38 kinase
We investigated intracellular signaling pathways that mediate CDCA-dependent repression of Cyp27 using small molecule inhibitors. Treatment of NRCs with small molecule inhibitors of MAPK kinase (MEK) (PD98059), JNK (SP600125), or p38 kinase (SB203580) revealed that CDCA-induced repression of Cyp27 was exclusively inhibited by p38 kinase inhibitor SB203580 (Fig. 5a ). Western blot analysis confirmed that p38 kinase phosphorylation, which is indicative of kinase activation [20] , was increased after treatment with CDCA or FGF15/19 and decreased by the presence of p38 kinase inhibitor SB203880 (Fig. 5b) . CDCA treatment also inhibited HNF4α expression in cholangiocytes (Fig. 5a ). However, this effect was not reversed by the treatment of cholangiocytes with the p38 kinase inhibitor, SB203880 (Fig. 5a ). These results suggest that p38 kinase mediates a signal from the FGFR4-FGF15/19 complex to downregulates Cyp27 expression in cholangiocytes, whereas p38 kinase signaling is not responsible for the CDCA-induced HNF4α repression in cholangiocytes.
Discussion
Evidences indicate that cholangiocytes are actively involved in bile homeostasis rather than just lining cells of the bile conduit [4] . In the current study, we demonstrated that bile acids exerted inhibitory effects upon Cyp27 expression in cholangiocytes. (N =3). *P <0.05, statistical significance using Student's t test Fig. 4 Confirmation of the FXR-and FGFR4-dependent repression of Cyp27 with CDCA in mouse models. Wild-type and knockout mice were fed normal diet or 1 % CDCA-containing diet for 5 days, and then, intrahepatic bile ducts were collected by a laser microdissection, and total RNA was purified. The expression of Cyp27 was analyzed using Q-PCR.
Wild-type mice, which were fed the CDCA diet, showed decreased Cyp27 expression in bile ducts, whereas a FXR knockout (FXR Expression profiles of genes for bile acid synthesis in cholangiocytes were different from that observed in hepatocytes.
There was low expression of Cyp7a and Cyp8b, which encode enzymes involved in the classic/neutral bile acid biosynthesis processing, yet there was a considerable expression of Cyp27, which encodes an enzyme that catalyzes the first step of the alternative/acidic bile acid biosynthesis. The absence of Cyp7a and Cyp8b expressions suggested that cholangiocytes might have, like other somatic cells, a lesser role in the maintenance of bile homoeostasis; however, we hypothesized that cholangiocytes could regulate bile homeostasis based on their physical proximity both to bile flow and the neighboring hepatocytes. Our current data support our hypothesis that cholangiocytes produce acidic bile acid through expression of Cyp27 and also give an influence toward the bile acid biosynthesis in neighboring hepatocytes through secretion of FGF15/19. Loss of CDCA-induced repression of Cyp27 in bile ducts isolated from the livers of the FXR −/− or the FGFR4 −/− mice confirmed the essential role of FXR-and FGF15/19-mediated signaling for the Cyp27 repression in cholangiocytes in vivo. Interestingly, in contrast with JNK-or MAPK/ERK-mediated repression of Cyp7a1 in hepatocytes, FGF15/FGFR4 signaling downregulated Cyp27 expression through activation of p38 kinase in cholangiocytes. In hepatocytes, the FGF15/19 signaling to repress Cyp7a1 expression has been known to be mediated by SHP and AP-1 [12, 13, 24] . SHP inhibits the function of LRH-1, the master transcription factor required for expression of Cyp7a1, and JNK activates SHP function via phosphorylation [9, 10] . In our study, SHP-mediated repression of LRH-1 does not seem to be involved in Cyp27 repression in cholangiocytes since SHP is neither highly expressed (Fig. 1e ) nor induced by bile acid treatment in cholangiocytes (data not shown). Instead, we found that SHP-independent HNF4α was a pathway regulating the expression of Cyp27 in cholangiocytes. Supporting our findings, previous studies performed to analyze Cyp27 promoter identified that transcription factors such as Sp1, Sp3, and HNF4α cooperated to induce the Cyp27 expression [8] , and a HNF4α-binding site was identified in the promoter of the Cyp27 gene [5] . Bile acid treatment downregulated the expression and DNA-binding affinity of HNF4α [19] . Similar to the previous results, we found that bile acid signaling negatively regulated HNF4α activity by downregulating HNF4α expression in cholangiocytes. FXR activation with selective agonists has been investigated as a therapy for biliary diseases such as cholesterol gallstone disease [16, 18] and cholestasis [3, 15, 17] with promising results. Cholesterol gallstone formation is a prevalent disease in the USA primarily caused by altered metabolism and homeostasis of cholesterol and increased hydrophobicity of bile acids in bile. Our data suggest that cholangiocytes are a promising target to prevent cholesterol gallstone formation because , an ERK inhibitor (PD98059), or a p38 kinase inhibitor (SB203580). Expression levels of Cyp27 and HNF4α were analyzed using Northern blot. a CDCA treatment with vehicle (EtOH) decreased Cyp27 and HNF4α, but the decrease was inhibited by cotreatment with a p38 kinase inhibitor. b Phosphorylation of p38 kinase was increased after treatment with CDCA or FGF15, which was inhibited in the presence of a p38 kinase inhibitor their physical location enables them to alter bile flow directly and quickly. We have previously reported that cholangiocytes were involved in cholesterol homeostasis in bile through activation of the nuclear receptors, LXRβ and PPARδ; activation of which induced cholesterol efflux from the bile to the liver [32] . Given that feeding of a high cholesterol and cholic acid diet induced cholesterol gallstone disease in mice, possibility of cholangiocytes responding to the changes in the bile induced by this diet suggests that targeted activation of the nuclear receptors in cholangiocytes holds a future potential as a therapeutic option for preventing or even curing cholesterol gallstone diseases by restoring homeostasis of cholesterol and bile acids in the bile of patients with elevated bile acid hydrophobicity or altered cholesterol metabolism.
In this study, we have shown that Cyp27 expression in cholangiocytes can be negatively regulated by bile acid signaling via FXR or HNF4α. FXR signaling is mediated by FXR-induced FGF15/19, which represses Cyp27 expression through binding to FGFR4 and inducing p38 kinase signaling. Bile acid treatment decreases HNF4α expression by still unknown mechanisms. A hormonal effect of FGF15 via enterohepatic circulation in mouse has been reported. Cyp7a1 is repressed in the liver by induced FGF15 in enterocytes by bile acid-activated FXR or by intravenous administration of FGF15 [13] . In addition to the enterohepatic feedback loop, our results indicate the presence of FGF15/19-mediated intrahepatic feedback loop through cholangiocytes against bile acid biosynthesis in the liver. Although it is still immature, the schematic representation summarizes the feedback regulations against bile acid biosynthesis in hepatocytes and cholangiocytes (Fig. 6) . Discovery of the p38 kinase target proteins and of a mechanism for the bile acid-induced repression of HNF4α remains to be open questions, and we will pursue the answers to these questions in our future work.
